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ABSTRACT
Analysis of experimental results on microstructure evolution in irradiated Zr and Zr alloys has demonstrated that existing information on self-interstitial defects in Zr is in contradiction with material behavior. We initiated an extensive theoretical and modelling program to clarify this issue. In this report we present ab initio calculations of single self-interstitial atoms (SIA) in Zr.
We demonstrate the importance of simulation cell size, type of exchange-correlation functional and c/a ratio used. The results obtained demonstrate that the most stable SIA configurations lie in the basal plane and provide evidence for enhanced interstitial transport along basal planes. The results will be used to develop a new interatomic potential for Zr to use in large-scale atomistic modelling of mechanisms relevant for radiation-induced microstructure evolution.
INTRODUCTION
Zirconium alloys are widely used in the nuclear industry because of their low absorption crosssection for neutrons. Irradiation-induced growth and creep, i.e. change in shape at constant volume, are the important modes of dimensional instability in these materials and a major concern in thermal nuclear PWR or BWR reactors. It is commonly accepted that the instability takes place via condensation of self-interstitial atoms (SIAs) into dislocation loops lying on the prism planes, while vacancies form loops on the basal planes, which is equivalent to transfer of atoms from the basal to the prism planes. Thus, properties of the mobile defects, their configurations and diffusion modes, are important for predictive models of the phenomena of interest. The properties of vacancies are relatively simple and have been studied extensively, whereas the situation with the SIAs is more complicated. Indeed, the latter may exist in different configurations and, what is even more important, have different diffusion modes, e.g. they migrate three-dimensionally (3-D) if the dumbbell configuration is the most stable, or onedimensionally (1-D) in the case when they are in the crowdion configuration as has been shown for cubic crystals. Figure 1 illustrates the seven possible configurations for a SIA defect in hexagonal closed packed (hcp) structure as discussed in the Table 1 .
Since the reaction kinetics of 3-D and 1-D diffusing defects are different, of the second order in the case 3-D and third for 1-D diffusion, it is important to know the SIA configuration in Zr [1] . The so-called ab initio methods provide the most accurate way to calculate the properties of simple defects in metals. So, calculations of point defects in Zr have been performed by Willaime [2] and Domain et al. [3] and both resulted in a conclusion that the octahedral is the most stable configuration for the SIA, and this SIA will execute 3-D diffusion. However, this result contradicts some observations irradiated pure Zr [4] . It was found that during irradiation with 1 MeV electrons, vacancy loops and voids were mostly aligned in rows parallel with the basal planes at low and high temperature, respectively. This is similar to void lattice formation in bcc and fcc metals, which is commonly attributed to the presence of 1-D SIA diffusion (see e.g. [5, 6] ). Since the primary damage produced in Zr irradiated with 1 MeV electrons consists of single vacancies and SIAs only, it is reasonable to assume that the alignment of vacancy type defects originate from the diffusion of SIAs parallel to the basal planes. Such diffusion cannot be attributed to the octahedral SIA configuration (see Fig. 1 for reference to configurations). Therefore, one may doubt the validity of calculations in [2, 3] . There may be two reasons for the inaccuracy: (a) the size of simulation boxes might be too small and/or (b) a deviation of the c/a ratio obtained in the calculations (1.600 in [2] and 1.603 in [3] ) from the experimental value: 1.593. Indeed, the maximum size of the box in the crowdion direction used in [1, 2] was only four lattice parameters, whereas similar calculations in bcc and fcc metals (see e.g. [7] [8] [9] ) demonstrated that the effective crowdion size is more than ten lattice parameters. If the effective size of the crowdion in Zr on the same scale, one may expect that their formation energy in the small size box could be overestimated in [2, 3] and, consequently, their relative stability underestimated. One may also expect that correction of the c/a ratio to a lower value would have a similar effect and lead to stabilization of SIA configuration in the basal planes. The relative stability of SIAs in different configurations is also used for designing interatomic potentials (see e.g. [10] ) for MD simulations, it is clear that ab initio calculations have to account for the limitations discussed to clarify these issues. Figure 1 The most typical configurations of self-interstitial atom in the HCP lattice. The results obtained in [2, 3] for supercells of 3×3×2 and 4×4×3 unit cells, containing 37 and 97 atoms, respectively are presented in Table 2 . As can be seen, there is a noticeable difference between local density (LDA) and generalized gradient approximations (GGA) exchangecorrelation (XC) functional results. The most stable configuration corresponds to the basal octahedron (BO) [2] . However, the GGA results for both supercell sizes predict the octahedral SIA is the most stable. Also, the LDA value for the formation energy of the S-type configuration is very close to the octahedron (O) and BO configurations. This reduction of non-basal split (S) defect formation energy can be seen [2] with increasing equilibrium c/a parameter up to 1.615 in the LDA calculation ( Table 3 ). The GGA result for c/a varies between 1.6 [2] and 1.603 [3] . Since the defect formation energy is very sensitive to the c/a ratio, below we the consider results obtained using GGA only.
Although the increase of supercell size from 37 to 97 atoms does not change the type of most stable SIA configuration ( [3] and Table 2 ), it's still in octahedral position, the formation energies of basal configurations BO and basal split (BS) decrease much faster compared to the non-basal one. This is a clear indication that the calculations presented in [2, 3] did not converge and further increase of the cell should change the relative stability of configurations. 
RESULTS AND DISCUSSION
In our study we performed electronic structure calculations using the quantum-espresso (QE) [11] and Vienna Ab initio Simulation Package (VASP) [12] packages within framework of DFT using the GGA approximation for the exchange-correlation energy. The calculations have been performed using plane-wave basis set and ultrasoft pseudopotential [13] . Complete description of the pseudopotentials used can be found in [1, 2] . We used Perdew, Burke and Ernzerhof (PBE) [14] XC functional in QE calculation and Perdew, Wang (PW) [15] in VASP. The plane wave energy cutoffs of 26 Ry and 16.5 Ry were used in QE and VASP calculation, respectively. The Brillouin zone (BZ) summation was carried out over 6×6×6, 4×4×4, 3×4×4 or 2×4×4 BZ grids for 3×3×2, 4×4×3, 6×4×3, 8×4×3 and 10×4×3 supercells, respectively, and the structure was relaxed until the convergence in energy of 0.0015 Ry was reached. Following previous calculations [2] , we modify size and shape of the supercell with a defect using isotropic scaling by a factor  
where N is the number of atoms in a perfect supercell. Such a procedure allows the pressure to be kept close to zero with the accuracy better than 1 kBar. We considered only the most stable configurations which are important for diffusion of the SIA: O, BO and BS. The details of our present and previous [2, 3] calculations together with the corresponding equilibrium c/a ratios are summarized in Table 3 . The results for a small cell of 37 atoms are close to those in [2] and [3] with the GGA (compare results in Tables 2 and 4 ) and demonstrate the same order in stability of different SIA configurations. The small difference observed can be attributed to small differences in the calculations. XC Used package scell (N) For the 4×4×3 cell, the calculated ground state changed from O to BO configuration while the relative formation energy for BS (E BS -E O ) reduced by 0.37 eV as compared to that for 3×3×2 cell result. The less stable configuration is then of S-type. These results are slightly different from those in [3] , where the O configuration is the most stable. However the relative energy of BO configuration (E BO -E O ) is only 0.04 eV. In the supercell containing 145 atoms the BS becomes more stable than O configuration and further increase of the cell size does not change the stability order of the configurations (see Table 4 and Fig. 2 ). The most stable is BO, the BS is next with 0.10 eV higher formation energy, the O is 0.19 eV higher and, finally, the S configuration with 0.31eV higher formation energy. As can be seen from Fig. 2 , the energy of O and S configurations are converged, while BO and BS are still slowly decreasing with the same slope. Further increase of the cell size will stabilize these configurations even more relative to Oand S-types. The sensitivity of energies to the supercell size in the directions along c and b basis vectors was examined for 6×5×5 supercell containing 301 atoms. According to the results obtained (see Table 4 and Fig. 2 ), the energy of BS SIA is very close to that for the 6×4×3 supercell. This is in accordance with the linear character of the BS defect. The formation energy of both BO and O defects decreases only slightly compared to the 6×4×3 supercell results in accordance with their planar and three-dimensional character. The largest drop in the formation energy is observed for the S defect, a linear defect oriented along the c direction. However, the increase of supercell size along c and b does not change the order of stability of SIA configurations, BO and BS being still the most stable. In order to check sensitivity of the results obtained to the c/a ratio we repeated our calculation in the supercell with 241 atoms using the experimental value of the c/a=1.593 while keeping the same volume. The results obtained are presented in Table 4 and Fig. 2 (solid symbols) . Similar to the LDA value discussed above and in [2] , the reduction of the c/a ratio increases the formation energy of S configuration, does not change the energy of O configuration and reduce the energy of basal configurations (BO and BS). Such modification reflects the fact that decreasing c/a ratio reduces the space available for relaxation in c direction, making the corresponding configurations less stable. The VASP results are presented in Table 2 and Fig. 3 . Similar to the QE results, a further increase of the supercell size from 3×3×2 to 6×4×3 changes the order of stability, and the most stable SIA is now BO, while BS is still slightly higher in energy compared to O. However, the relative change of formation energy of BS-compared to O-type defects drops from 0.55 eV to 0.05 eV with increasing supercell size. It seems that, for the larger sizes, the most stable configurations are BO and BS in agreement with the QE calculations.
SUMMARY
The DFT methods were applied to study interstitial configurations in the hcp Zr. It was demonstrated that the relative stability of SIA configurations depends strongly on the simulation cell size, exchange-correlation functional and c/a ratio. The following conclusions were drawn based on the results obtained:
-Simulation cell size in the a-direction must be at least 8a to describe properly the relative stability of SIA configurations. Sensitivity to other directions is significantly weaker.
-The GGA approximation of the exchange-correlation functional describes c/a better than the LDA.
-Extrapolation of the results obtained to a large supercell and correct c/a predicts higher stability of basal configurations such as BO and BS over the out-of-plane configurations, such as O and S.
-The results have important consequences in possible diffusion modes for selfinterstitial transport, making basal plane mechanisms most favorable. This is qualitatively consistent with experimental observations.
Further studies are needed to clarify diffusion modes for single SIAs and clusters. This work is in progress now together with collaboration with Edinburgh University (G. Ackland) and Ames Laboratories (M. Mendelev) in developing new interatomic potential for Zr, which will reproduce the features of interstitial type defects. Development of a new potential is crucial for understanding radiation effects in Zr and hcp metals. New empirical potential for Zr will be used in large scale atomistic simulation of defect diffusion, interaction of what with dislocation and grain boundaries, i.e. mechanisms that define microstructure evolution under irradiation.
